D r a f t
Introduction Double-ness is well studied as a floral trait due to its relevance to plant breeding. Double flowers, with their fuller appearance, are considered by most to be more attractive than the simpler single flowers (Nakatsuka et al. 2015) , and double flowers may also have greater market value for some cultivated plants (Scovel et al. 1998; Freyre et al. 2012) . Research into breeding flowers of a double phenotype in Petunia hybrida showed that double-ness has inheritance probabilities like traits that are controlled by several genes, highlighting multiple genetic differences between the single and double phenotypes (Liu et al. 2016) . Research into doubleness in poppy, tobacco, carnation, and potentilla also suggest that double-ness is a trait controlled by a combination of dominate and recessive alleles (Belyaeva 1995; Scovel et al. 1998 : Zainol 1998 ) , in addition to environmental stressors such as temperature and moisture (Roberston 1984; Innes et al. 1989) . It seems that the causes of double-ness is very case dependent, but there is considerable consensus that differences in the expression of C-class organ identity genes are a strong predictor of double-ness in ornamental flowers (Kapoor et al. 2005; Dubois et al. 2010; Galimba et al. 2012; Sun et al. 2014; Nakatsuka et al. 2015) . The molecular mechanisms serve as context in which organogenesis operates. Quantitative analysis can inform what may be happening at the molecular level concerning the establishment of organ identity.
Hibiscus rosa-sinensis belongs to the Malvaceae (mallow) family; it is a eudicotyledonous, tropical to sub-tropical plant (MacIntyre and Lacroix 1996) . Hibiscus rosasinensis exists in two distinct floral morphologies: single phenotype and double phenotype ( Fig.   1 ). The double flowers exhibit merged petal-stamen structures called petaloids that fall under the continuum based-description of homeosis in plants described previously (Sattler 1988; MacIntyre and Lacroix 1996) . The single flowers consist of five, single-lobed petals with stamens projecting laterally from the distal end of the staminal tube ( due to the blended petal-stamen structures found in abundance between the clearly defined petals and stamens ( Fig.1 images B and D) . These merged petal-stamen structures exhibit both petal and stamen morphological characteristics to varying extents.
Previous work with H. rosa-sinensis sought to determine at what stage during floral development a morphological difference could be observed between doubles and singles (MacIntyre and Lacroix 1996) . This earlier work looked at the initiation of petal and stamen primordia on the five-lobed, floral meristematic ring. Results from this work suggested that singles and doubles could be distinguished at the earliest point in development based on patterns of organ initiation and size. Unlike singles, doubles do not maintain any discernable pattern of organ initiation beyond the initial petal primordia. Furthermore, organ primordia of doubles are not all of roughly equal size, compared to singles (MacIntyre and Lacroix 1996) . However, this previous study did not mathematically quantify the distinction between singles and doubles in the early stages of floral development.
Many studies have used comparative contexts to characterize divergent organ development to great success. In Begonia varieties, a comparative context and allometry were used to characterize early leaf development as a means to understand phylogeny (McLellan 1990) . McLellan (1990) found that varieties had different paths of morphological development that led to the same leaf morphology. Cohen et al. (2012) We may understand the genetic underpinnings that lead to phenotypic differences, and we may discern obvious morphological differences between fully developed flowers of different phenotypes, but we lack an understanding of the morphological pathways that define divergent development in H. rosa-sinensis. In short, we aim to supplement our current knowledge of the molecular mechanism that leads to floral homeosis with the complementary morphological mechanism that also leads to floral homeosis.
This paper focuses on the stamen primordia because MacIntyre and Lacroix (1996) in FAA for at least 24 hours to ensure specimens were infiltrated by the fixative. After fixation, flower buds on shoot tips were dissected to collect the floral primordia. In total, 30 single buds and 52 double buds were successfully collected from the shoot tips, all at various stages of development. Dissected buds were stored in FAA until all collected shoot tips were dissected.
Scanning Electron Microscopy (SEM)
Upon completion of the dissections, specimens were prepared for critical point drying (CPD). Specimens were first transferred from FAA to 70% ethanol. Specimens went through an alcohol dehydration series ending in 100% ethanol: each stage of the alcohol dehydration series was at least 24 hours in duration. Once in 100% ethanol, specimens were dried using a Quorum K850 critical point dryer. Once dried, specimens were mounted on SEM stubs using an adhesive sticker. The base of the specimen was painted with silver paint to increase the conductance between the mounted specimens and the stub. 
Measurements
Measurements of stamen primordia were taken from top views of floral buds during a specific, early frame of floral development: after the initiation of the stamen primordia and before their bifurcation. Ten stamen primordia were selected from each bud. Primordia were selected using a spiral pattern that began by choosing a stamen primordium furthest from the centre of the bud and then measuring additional primordia while moving clockwise and towards the centre of the bud. In the case of some of the less developed buds, there were less than ten measurable stamen primordia and efforts were made to measure as close to ten primordia as possible. The length (L) and width (W) of the selected ten primordia were measured using integrated imaging software associated with the Hitachi TM3000 SEM. By convention, length was set as the longer measurement. Length and width measurements were taken perpendicular to each other. In addition to length and width three radial measurements were taken for each bud and averaged (R av ). An average radius was used to compensate for buds not being level on the stub, thus making it difficult to measure the radius once and be confident that the measure was accurate.
These measurements were used to approximate relative age (or stage of development),
shape, and size of the buds and stamen primordia. The average radius of the bud acted as an approximation for developmental progression; the larger the radius, the more developed the bud was likely to be. The shape of stamen primordia was calculated by dividing the length of a D r a f t stamen primordium by its width (L/W) to give the shape ratio. A higher shape ratio indicated a more elliptical stamen primordium. The size of a stamen primordium was defined as the sum of its length and width measurements. .
Organogenesis
Logistic regression was used to quantify and compare the initiation and early stages of development of stamen primordia between the single and double phenotypes. In preparation for logistic regression, each bud had to be visually inspected and assigned a value of 0 or 1 with respect to the presence or absence of petal primordia, stamen primordia, and stamen primordia bifurcation. As an example, the logistic regression analysis for petal primordia required visually assessing each photo of the single and double buds for evidence of petal primordia initiation.
Buds without petal primordia were assigned a value of 0, and buds with petal primordia were assigned a value of 1. This process was repeated individually for stamen primordia and stamen primordia bifurcation, both cases using visual inspection to discern evidence of stamen primordia and stamen primordia bifurcation. There are fewer buds in the stamen bifurcation analysis because only buds that already had stamen primordia were deemed appropriate to include in this part of the analysis.
For all statistical analyses, R v.0.99.903 was used. A logistic regression model using Firth's penalized-likelihood method was fit for petal initiation, stamen initiation, and stamen bifurcation in both the single and the double flowers. Firth's method for logistic regression was used to address data separation in the organ presence vs. absence data (Firth 1993; Heinz and Schemper 2002) . From each logistic regression model, an inflection point was calculated by rearranging the equation of the model. The inflection point is the value of the predictor at which the probability of the modelled outcome happening vs. not happening is 50%. In this case, the
inflection point is the average floral radius (R av ) at which the probability of having the specified organ primordia vs. not having the specified organ primordia is 50%. Bootstrapping (R = 10 000) was used to estimate 95% confidence intervals around each inflection point. Inflection points with bootstrapped 95% confidence intervals were plotted for each developmental event in both the single and double phenotypes. The significance of each logistic regression model was checked using the likelihood ratio test, a chi-square statistic.
In addition to estimating 95% confidence intervals, bootstrapped distributions of inflection points were also used to determine if the radii at which developmental events occurred as estimated by logistic regression were significantly different between the single and double floral forms. Bootstrapped distributions of inflection points for each developmental event in the single and double flowers were compared using a Welch's ANOVA, and a post-hoc pairwise comparison was run using the Dunnett-Tukey-Kramer pairwise multiple comparison test adjusted for unequal variances and unequal sample sizes. phenotypes. If the value of the slope of the linear logarithmic form was less than one, the morphological measurement on the x-axis was increasing in magnitude more quickly than the morphological measurement on the y-axis. A slope of one indicates that the magnitude of the x and y-axes are increasing proportionally to each other, and a slope of greater than one means that the y-axis is increasing in magnitude more quickly than the x-axis.
Stamen primordia allometry

Stamen primordia morphology and size
In the following analysis, only comparisons that produced a significant p-value from the permutation T-tests were considered viable candidates for a logistic regression and bootstrapping.
For the following logistic regression models, the single buds were assigned the value of 0, and the double buds were assigned the value of 1. The significance of each logistic regression model was checked using the likelihood ratio test. The likelihood ratio test is a chi-square statistic.
Permutation T-tests (R = 10 000) were used to compare the length, width, and shape ratio of stamen primordia between single and double flowers. Standard logistic regressions were used to predict the inflection points for each morphological measurement. In this case, the inflection point is the length, width, or shape at which a stamen primordium was as equally likely to be from a single as from double floral bud. Bootstrapped distributions of inflection points were then used to estimate 95% confidence intervals around each inflection point for stamen primordia length, width, and shape.
Permutation T-tests (R = 10 000) were also used to compare the stamen primordia size between the single and double phenotypes. Standard logistic regressions were used to predict the inflection points for size. In this case, the inflection point is the size at which a stamen primordium was as equally likely to be from a single as from double floral bud. Bootstrapped distributions of inflection points were then used to estimate 95% confidence intervals around the size inflection point.
Results
Visual Assessment of Developmental Morphology
The floral development of the single ( initiation of stamen primordia was followed by the bifurcation of stamen primordia along their minor axis (Fig. 2 , images G and H; Fig. 3 , image H). After the initiation of stamen primordia, D r a f t the development of the single and double phenotypes appeared to diverge most drastically with respect to stamen primordia organization, organogenesis, and structure.
In the context of the developmental frame that was studied, petal primordia of single buds were wider with less distance between each of the petal primordia (Fig. 2, images F, G, and H) than petal primordia of double buds which were longer at the end of the developmental frame, and had more space between them (Fig. 3 , images G and H). Petal primordia overlapped in the single buds only.
The single and double buds showed differences with respect to the symmetry and organization of stamen primordia initiation. Stamen primordia on the single buds were initiated in five, well-ordered groups, each groups made up of two parallel lines of stamen primordia running radially from the centre to the edge of the bud (Fig. 2 , images C, D, and E). Stamen primordia on the double buds were also initiated in five groups, but the groups lacked the same degree of uniformity of shape, size, and order that was seen in the stamen primordia from the single buds (Fig. 3 , images D, E, and F).
Concerning bud topography, single buds were relatively flat throughout the developmental frame of interest (Fig. 2 , images E, F, G, and H) whereas double buds started out flatter (Fig. 3 , images C and D) and then became more cone-like in appearance towards the end of the developmental frame of interest (Fig. 3 , images G and H).
Organogenesis: Petal Primordia
The photos of single and double buds in The initiation of petal primordia on single buds took place at an average bud radius of 190.9 µm (Fig. 4) . For every 1µm increase in bud radius, a single bud was 8.2% more likely to have petal primordia (likelihood ratio test = 28.60, p < 0.001). Double buds initiated petal primordia at an average bud radius of 192.0 µm (Fig. 4) . For every 1µm increase in bud radius, a double bud was 10.8 % more likely to have petal primordia (likelihood ratio test = 56.11, p < 0.001). The average bud radius for petal primordia initiation was not significantly different between the single and double phenotypes, suggesting both phenotypes produced petal primordia at about the same size (Fig. 4 , p > 0.05).
Organogenesis: Stamen Primordia and Stamen Bifurcation
With respect to the initiation and bifurcation of stamen primordia, buds of the single phenotype showed evidence of these developmental events at smaller bud radii than the buds of the double phenotype (Fig. 4) . The difference between single and double flowers for radii was statistically significant at the stage of initiation of stamen primordia and stamen bifurcation (Fig.   4 ). The initiation of stamen primordia on single buds occurred at a bud radius of 202.5µm and stamen bifurcation at 302.6µm (Fig. 4) . For every 1µm increase in bud radius, a single bud was 7.8% more likely to have stamen primordia and 10.1 % more likely to have evidence of stamen bifurcation (likelihood ratio test = 30.43 and likelihood ratio test = 16.94, p < 0.001 in both cases). Stamen primordia were initiated on the double buds at a bud radius of 244.1µm and stamen bifurcation at 378.4µm (Fig. 4) 
Allometry of Stamen Primordia
For stamen primordia length vs. floral meristem radius, the equation describing the linear regression for the single phenotype had a value of 0.8192 and a value of 0.80267 for the double phenotype (Fig. 5) . Both regressions showed a significant relationship between stamen primordia length and floral meristem radius (F-test, p < 0.001). The slope value for the single phenotype scaled more equally (was closer to 1.0) than the slope value for the double phenotype meaning that the single phenotype had a greater increase in stamen primordia length than the double phenotype over the same increase in floral meristem radius. This suggests that single stamen primordia are longer than double stamen primordia.
The linear regression for stamen primordia width vs. floral meristem radius did not show a significant relationship in the single phenotype (F-test, p > 0.04). There is no linear relationship between stamen primordia width and floral meristem radius suggesting that the width of stamen primordia was relatively constant in the single phenotype. However, the double phenotype did show a significant relationship between stamen primordia width and floral meristem radius (Ftest, p <0.001). The equation describing the relationship had a slope value of 0.6048 (Fig. 5) .
Unlike the single phenotype, this significant slope value suggests that the width of the double stamen primordia increased with the radius of the floral meristem. This suggests that the double stamen primordia were wider than the single stamen primordia. 
Morphology and Size of Stamen Primordia
During the frame of development examined here, the mean length of single stamen primordia was 125.8µm, and the mean length of double stamen primordia was 113.8µm. Single stamen primordia were significantly longer than double stamen primordia (permutation t-test,
p<0.001).
With respect to the odds ratio from the logistic regression of phenotype vs. stamen primordia length, a stamen primordium was 1.2 % more likely to be from a single bud than a double bud for every 1µm increase in stamen primordium length (likelihood ratio test = 11.39,
Based on the inflection point from the logistic regression, a stamen primordium length of 130.1µm was more likely to be found on a single bud than on a double bud (Fig. 6 ).
During the same frame of development, the mean width of single stamen primordia was 83.55µm, and the mean width of double stamen primordia was 86.62µm. Double stamen primordia were significantly wider than single stamen primordia (permutation t-test, p <0.05).
With respect to the odds ratio from the logistic regression of phenotype vs. stamen primordia width, a stamen primordium was 10.6 % more likely to be from a double bud than a single bud for every 1µm increase in stamen primordium width (likelihood ratio test = 4.011, p <0.05).
According to the inflection point of the logistic regression, a stamen primordium width of 77.52µm was more likely to be found on a double bud than on a single bud (Fig. 7) .
The mean shape (i.e. length divided by width) of single stamen primordia was 1.504, and the mean shape of double stamen primordia was 1.311. Single stamen primordia were significantly more elliptical than double stamen primordia (permutation t-test, p <0.001). With respect to the odds ratio from the logistic regression of phenotype vs. stamen primordium shape, a stamen primordium was 8.37 times more likely to be from a single bud than a double bud for every unit increase in stamen primordium shape (likelihood ratio test = 31.42, p <0.001). The inflection point of the logistic regression suggest that a stamen primordium shape of 1.451 was more likely to be found on a single than on a double bud (Fig. 8) .
The mean size of single stamen primordia was found to be 209. 4µm, and mean size of of petal primordia occurred at the same bud radii in both phenotypes, but stamen primordia initiation and stamen primordia bifurcation occurred at significantly smaller bud radii in the singles than in the doubles. The allometry of the single phenotype is consistent with a transition from a circular to elliptic shape for the stamen primordia. The allometry of the double suggests a more circular shape throughout the frame of development considered here. With respect to stamen morphology, the stamen primordia of single phenotypes were longer, narrower, and therefore more elliptical than those of double phenotypes that were shorter, wider, and thus more circular. However, the size of the stamen primordia was not different between the two phenotypes during the frame of development considered here.
These results suggest that there are measurable differences between the two phenotypes at very early stages of floral development, namely with respect to organogenesis, allometry, and morphology of stamen primordia. There is also the obvious loss of symmetry and arrangement of stamen primordia in the double phenotype, and this loss of symmetry was also noted in previous studies (MacIntyre and Lacroix 1996) . How do we combine the results from organogenesis, allometry, morphology, and size analyses, in addition to visual notes about symmetry and arrangement, to say something meaningful about the developmental and phenotypic differences between the two phenotypes, both during development and the consequences of this divergent development for mature flowers? Considering all of the findings together, it appears that the developmental differences between the two phenotypes can be linked to the double phenotype producing a larger floral meristem than the single phenotype after the initiation of the petal primordia on the ring of meristematic tissue. The difference between the two phenotypes with D r a f t respect to the amount of available space on the floral meristem may explain the developmental differences noted in this study.
Organogenesis analyses showed that both phenotypes initiated petal primordia at approximately the same floral meristem radii (Fig. 4) . After the initiation of petal primordia, the single and double phenotype begin to show developmental divergence with the double phenotype initiating stamen primordia and stamen primordia bifurcation at a larger meristem radius than the single phenotype (Fig. 4) . The double phenotype initiated stamen primordia at a meristem radius Results presented here suggest that producing a larger floral meristem has developmental consequences during stamen primordia initiation and development. According to accepted models, organ primordia are initiated at the further distance from neighbouring primordia (Reinhardt et al. 2005; Smith et al. 2006 ). There are a few proposed mechanisms to explain this phenomenon, but the most likely mechanism seems to be related to the formation of local auxin maxima (Reinhardt et al. 2003; Mourik et al. 2012 ). In the case of H. rosa-sinensis, this model would suggest that the stamen primordia of the double phenotype have more space between themselves than the stamen primordia of the single phenotype, as is supported by large differences in floral meristem radii reported in the organogenesis analyses. What are the consequences of this additional space for the development of stamen primordia in the double phenotype? Results of analyses suggest that additional space may be one factor that allows for (or is linked to) the manifestation of blended petal-anther structures that become increasingly obvious, and larger than normal stamen, as floral development progresses in the double phenotype. Other work on plant development has shown that plants maximize the use of meristem space during organ primordia initiation and development (Prusinkiewicz and Barbier de Reuille 2010 ).
This increased space on the floral meristem may also explain the breakdown of the positioning and symmetry of stamen primordia in the double phenotype. The single phenotype maintains stamen primordia arrangement throughout development, but the double phenotype does not. This difference was noted during this study, and also during previous work on H. rosasinensis (MacIntyre and Lacroix 1996) . Considering the differences in space on the floral meristem, the breakdown of symmetry in the arrangement of stamen primordia of the double D r a f t 20 phenotype may also be a result of increased space on the floral meristem. Prusinkiewicz and de Reuille (2010) showed that marginal growth of structures that initiate organ primordia during plant development results in a loss of radial symmetry because the relatively flat disc of growing tissue is no longer flat, but instead loses its radial symmetry as it becomes increasingly more wave-like.
When comparing the mature flowers of the two phenotypes, the most striking difference between them is the presence of merged petal-anther structures (termed petaloids) that are part of the mature flowers of the double phenotype. These petaloids are considered to be an example of a homeotic mutation, or homeosis, where an organ occupies a position that is would not normally, but is not necessarily a 1:1 substitution (Sattler 1988; Lord et al. 1994) . Results from this study suggest that homeotic mutations may lead to the establishment of different space constraints. In the case of the double phenotype of H. rosa-sinensis, a larger floral meristem may mean that the stamen primordia occupying this novel space appear to be subject to factors controlling the development of both petals and stamens, as signified by the merged petal-anther morphology of the petaloids. MacIntyre and Lacroix (1996) noted a gradient of petaloid morphology with some petaloids looking more like petals, and petaloids closer to stamen looking more like stamen.
Although speculative, results from this study imply that the gradient of structures reflects the influence, or perhaps competition, of factors controlling petal and stamen development in a novel space on the floral meristem of the double phenotype. With respect to the ABC model, it seems that a gradient of expression of A and B (petals) and B and C (stamens) organ identity genes in the additional tissue of the floral meristem could account for the range of morphologies exhibited by the petaloids (Coen and Meyerowitz 1991; Theissen et al. 2000; Heijmans et al. 2012 ). Inflection points for the initiation of petal primordia, stamen primordia, and stamen primordia bifurcation for the single and double phenotypes estimated via logistic regression using Firth's penalized-likelihood method. The inflection point represents the floral meristem radius (i.e. bud radius) after which a structure was more likely to be present than not present. Whiskers represent the confidence intervals predicted by bootstrapping. The petal primordia were initiated at bud radii in the single and double phenotype that were not statistically different, and this nonsignificant difference is designated with an n.s. in the figure. The stamen primordia of the single phenotype were initiated at a significantly smaller bud radius than the double phenotype. Stamen bifurcation in the single phenotype was also initiated at statistically smaller bud radii than stamen bifurcation in the double phenotype. The statistically significant differences between the single and double phenotypes concerning the bud radii at which stamen primordia and stamen primordia bifurcation were initiated is noted by sig. in the figure. 
Figure 6
Plot of the lengths of single (black dots) and double (grey dots) stamen primordia across floral meristem radii. The middle line is the inflection point calculated using a logistic regression model. The inflection point is a horizontal line because the inflection point is a fixed value. After the inflection point of 130.1µm, a length measurement was more likely to be from the single phenotype than the double phenotype (likelihood ratio test=11.39, p < 0.001), suggesting that single stamen primordia are longer than double stamen primordia. The upper and lower lines represent bootstrapped 95% confidence internals around the inflection point.
Figure 7
Plot of the widths of single (black dots) and double (grey dots) stamen primordia across floral meristem radii. The middle line is the inflection point calculated using a logistic regression model. The inflection point is a horizontal line because the inflection point is a fixed value. After the inflection point of 77.52µm, a width measurement was more likely to be from the double 
